Objective: To demonstrate the sensitivity of a recently developed whole-brain magnetic resonance spectroscopic imaging (MRSI) sequence to cerebral pathology and disability in amyotrophic lateral sclerosis (ALS), and compare with measures derived from diffusion tensor imaging.
Biomarkers for amyotrophic lateral sclerosis (ALS) are a research priority. 1 Although median survival from symptom onset is 3 years, there is a longer "tail" to the survival curve, extending past 10 years for a minority. Diagnosis requires a history of progressive weakness and the demonstration of pertinent upper motor neuron and lower motor neuron (LMN) signs on examination. 2 Therapeutic trials rely on survival or change in rate of decline of functional measures.
Degeneration of white matter (WM) tracts detected using diffusion tensor imaging (DTI) 3 and primary motor cortical thinning detected by surface-based morphometry 4 are 2 promising structural measures, but sensitivity to disability has been variable. 5 Progress is being made toward defining a functional signature of cortical damage in ALS. 6, 7 Magnetic resonance spectroscopic imaging (MRSI) is a noninvasive method of tissue metabolite profiling, demonstrating widespread cortical involvement in ALS. 8 The most consistently assessed metabolite is N-acetylaspartate (NAA), which reflects neuronal mitochondrial function and is therefore widely expressed within cerebral neuronal tissues, including cortical pyramidal neurons. 9 The Metabolite Imaging and Data Analysis System (MIDAS) is an integrative processing platform for MRSI, 10 recently developed to allow whole-brain imaging. 11 Data acquired have high intrasubject reliability 12 and robust quantification, meaning that accurate concentrations of neurochemicals can be obtained. 10 Whole-brain MRSI was applied to a group of patients with ALS (including 2 with primary lateral sclerosis [PLS]) and compared with healthy controls, with a targeted regionof-interest analysis to compare MRSI-with DTI-derived measures of structural damage in relation to disability. METHODS Participants. Patients were diagnosed according to standard criteria for ALS 13 and PLS, 14 assessed by 2 neurologists working in a tertiary referral center (M.R.T. and K.T.). Participation in the study was offered sequentially to all patients attending the clinic, including new referrals and those in active follow-up without assisted ventilation, able to lie flat for at least 1 hour, and with the capacity to provide informed consent. A minimum sample size of 11 provided 95% power to detect a 10% decrease in NAA with an SD of 10%.
All except 1 patient were apparently sporadic (i.e., did not report a family history of ALS or frontotemporal dementia, although participants were not systematically screened for genetic mutations linked to ALS). All were examined on the day of study (M.R.T.). Duration of disease was calculated as the difference in months between date of initial scan and date of symptom onset. Disability was scored using the ALS Functional Rating Scale-revised (ALSFRS-R, score 0-48, with lower scores representing higher disability). 15 Disease progression was calculated as 48 minus the ALSFRS-R score, divided by the disease duration in months. Controls were age-similar healthy individuals.
Standard protocol approvals, registrations, and patient consents. The study was approved by the South Central Oxford Research Ethics Committee B (08/H0605/85), and all participants provided written informed consent.
Data acquisition. All data were acquired on a Siemens 3T Trio MR System at the Oxford Centre for Magnetic Resonance Research. The MRSI data were acquired using a 32-channel head coil as described previously. 10, 16 DTI data (b 5 1,000 smm 22 , 60 directions, 2 3 2 32 mm resolution) and T1-weighted images were acquired using the 12-channel head coil, as described previously. 3 MRSI analysis. MRSI data were analyzed using the MIDAS software, with a fully automated approach using the standard defaults 10 (appendix e-1 on the Neurology ® Web site at www.neurology.org). Briefly, B0 and eddy corrections were applied to the data, the anatomical extent of which was masked by calculating water and lipid masks. Spectral fitting was performed using a Gaussian lineshape model. 17 MRSI data were then signal-intensity normalized by referencing to the simultaneously acquired nonsuppressed water data, taking into account spatially dependent variations in signal intensity. The MIDAS approach includes algorithms for rejecting poor-quality data on a voxel-by-voxel basis. Resulting NAA maps were registered to standard space using registration tools within FSL (www.fmrib.ox. ac.uk/fsl) with inhouse modifications. 18, 19 To test for differences between patients and controls we used permutation-based testing as implemented in "randomize" within FSL. 18 Statistical thresholding was performed by cluster-based analysis with corrected cluster p , 0.05 using threshold-free cluster enhancement.
DTI analysis. The Diffusion Toolbox of the FMRIB (Centre for
Functional Magnetic Resonance of the Brain) was used to fit a tensor model to the DTI data at each voxel. Voxel-wise values of fractional anisotropy (FA; a measure of the directional dependence of water dependence, where higher values reflect greater tissue integrity) and mean diffusivity (MD; a measure of total water diffusion, where lower values reflect greater tissue integrity) were then calculated. Tract-based spatial statistics (TBSS), a method for voxel-wise statistical comparison of DTI metrics, was used to test for differences in FA and MD between patients and controls across the whole-brain WM. 20 First, FA data from all subjects were aligned into a common space using the nonlinear registration tool FNIRT, 21 which uses a b-spline representation of the registration warp field. 22 Next, the mean FA image was created and thinned to produce a mean FA skeleton, representing the centers of all tracts common to the group. Individual subject's FA values were warped onto this group skeleton for statistical comparisons by searching perpendicularly from the skeleton for maximum FA values, and the resulting data were fed into voxel-wise cross-subject statistics. MD values from the same voxels were also projected onto the skeleton for statistical analysis. To test for statistical differences between patients and controls, permutation-based testing was used, as implemented in "randomise" within FSL. As with the MIDAS data, statistical thresholding was determined using a threshold-free cluster enhancement approach with a fully corrected cluster threshold of p , 0.05. For ease of visualization, the results of the TBSS analysis were thickened using "tbss_fill" within FSL.
Region-of-interest analyses. A corticospinal tract (CST) region
of interest was derived from a previously acquired healthy control dataset. 23 To do this, an M1 mask was drawn on the standard Montreal Neurological Institute template high-resolution structural image, registered into each subject's native space, and a probabilistic tractography approach was used to reconstruct the CST. 24, 25 Pathways in each subject were then registered into standard space, binarized, and overlaid to produce population probability maps for each pathway in which voxel values reflected the proportion of subjects in whom a pathway was present. These were then thresholded so that only voxels present in at least 40% of the subjects were included in the mask. To ensure that this CST mask, derived from previously acquired data, was unbiased by potential atrophy in patients in this study, a global WM map was derived by segmenting the T1-weighted scan for each subject within this current study using "FAST" (within FSL); the resulting WM maps were then summed so that only voxels that were WM in every subject were included. The CST mask was then limited to the WM using this WM mask.
The mean NAA, FA, and MD within the CST was then calculated bilaterally for each subject. To directly compare the strength of the correlation between CST NAA and disability and the CST DTI metrics and disability, we performed a Fisher r-to-z comparison (http://faculty.vassar.edu/lowry/rdiff.html).
To make an informal assessment of the anatomical specificity of NAA decreases, a mask of the optic radiations (ORs)-as a tract not typically involved in ALS-was derived in a manner similar to the CST mask. The distribution of the t statistic for the comparison between patients and controls within the CST and OR masks was calculated for NAA, and within the TBSS skeleton of these masks for FA and MD.
RESULTS Thirteen patients (8 with "classic" ALS, 3 with LMN-predominant "flail arm" ALS, and 2 with PLS; mean age 62 6 13 years) and 14 agesimilar controls (mean age 58 6 14 years) were recruited. Clinical details for the patients are shown in the table.
Whole-brain MRSI and DTI changes in patients vs controls. A voxel-wise, whole-brain analysis revealed significantly lower NAA in patients than controls throughout the course of the cerebral CSTs bilaterally ( figure 1A) . This result remained unchanged in an additional analysis excluding the patients with PLS, and subsequently also the patients with flail arm ALS (appendix e-1). Standard analysis of FA and MD within the WM tracts showed decreases in FA and increases in MD throughout the WM in patients compared with healthy controls ( figure 1, B and C) .
CST MRSI-and DTI-derived measures. Patients had a significantly lower mean CST NAA than healthy controls (patient NAA 5 2,205 6 49; control NAA 5 2479 6 41; t(25) 5 4.336, p 5 0.0002, figure 2A) . A significantly lower CST FA and higher CST MD was found in the patient group compared with the healthy controls (patient FA 5 0.48 6 0.006; control FA 5 0.51 6 0.005; t(25) 5 3.69, p 5 0.001, figure 2B ; patient MD 5 7.47 6 0.19*10 4 , control MD 5 7.22 6 0.20*10 4 ; t(25) 5 2.96, p 5 0.0005, figure 2C ).
Comparison of MRSI-and DTI-derived measures in
relation to disability. Patients with less disability (higher ALSFRS-R score) had higher mean CST NAA concentration (r 5 0.65, p 5 0.01, figure 2D ), and this relationship persisted after correction for age as a potential confound (r 5 0.775, p 5 0.003). There was no significant relationship between CST DTI measures and disability (FA: r 5 20.03, p 5 0.91, figure 2E ; MD: r 5 20.29, p 5 0.32, figure 2F ; even after correction for age). Using Fisher r-to-z comparison, CST NAA was significantly more correlated with disability than either of the DTI metrics (compared with FA: z 5 2.87, p 5 0.004; compared with MD: z 5 2.4, p 5 0.01).
There was no statistically significant correlation between mean CST FA levels and mean CST NAA levels (r 5 20.35, p 5 0.2), nor between mean CST MD levels and mean CST NAA levels (r 5 20.18, p 5 0.5). The relationship between NAA and disability remained significant when a partial correlation was performed between CST NAA and ALSFRS-R correcting for CST FA (r 5 0.69, p 5 0.01), CST MD (r 5 0.62, p 5 0.02), or both (r 5 0.86, p 5 0.02).
There was no significant relationship between duration of disease and any MRI metrics within the CST (NAA: It has not been possible until recently to acquire MRSI measurements across the entire brain during a single scan. Typically, discrete larger voxels of interest (typically in the order of 2 3 2 3 2 cm) were manually placed instead, relying therefore on subjective (and so potentially inconsistent) judgments about anatomical landmarks, making standardization across subjects highly challenging, and precluding an unbiased assessment of regional metabolite changes. Furthermore, high intrasubject variability in measurements have led to coefficients of variation for the major metabolites, even in healthy controls in optimal conditions, of 10% to 22.6%, 26 meaning that measures of NAA have been limited in their utility.
One other recently published whole-brain MIDAS study in ALS extracted metabolite spectra from several points along the CST, and confirmed reduced NAA in the patient group. 11 The authors did not report regional findings from whole-brain analysis, nor compare with DTI-derived measures. Their study reported correlations between reduced CST NAA and finger- tapping speed (a measure linked to upper motor neuron dysfunction). It did not note any correlation with disability as measured by ALSFRS-R, which is the current "gold standard" outcome measure in therapeutic trials. Historically, single-voxel MRSI studies have reported a relationship between motor cortex or CST NAA and ALSFRS scores, 27, 28 as well as finger-tapping speed. 29 We did not find a relationship between disease duration or rate of progression and CST NAA. This may be attributable in part to the relatively long disease duration of some of the participants, in whom subjective recall about the timing of initial symptom onset may also be less reliable, and also to the small study size. In many MRS studies, accurate absolute quantification of NAA has not been possible, meaning that is often quoted as a ratio to other metabolites such as creatine and choline. The former is considered indicative of cellular energy status and the latter to reflect membrane structural integrity. Levels of both increase with neuronal dysfunction, and so giving NAA as a ratio may reduce the specificity of MRS findings. The MIDAS processing has the advantage of allowing calculation of intensity-normalized metabolite values, which enables comparison of results for individual metabolites between subjects.
This study made a direct comparison with DTIderived biomarker candidates. DTI is currently a leading contender for a noninvasive biomarker of pathology in ALS, with more than 10 years of development since the first observations. 30 The WM tract degeneration that DTI is sensitive to is a well-recognized feature of even clinically LMN-only cases of ALS. 31 The DTI changes observed in the superior CSTs and corpus Regional changes in whole-brain magnetic resonance spectroscopic imaging diffusion tensor imaging in a group of 11 patients with amyotrophic lateral sclerosis and 2 patients with primary lateral sclerosis compared with age-similar healthy controls callosum mirror closely what has been observed in histologic postmortem ALS studies. 32 However, it is perhaps surprising that DTI studies have not consistently demonstrated a relationship between FA (or MD) and disability (studies reviewed in reference 5). An apparent paradox has also emerged whereby higher FA values (thought to reflect greater WM tract integrity) have been noted in patients with the longest disease duration, 3, 33 despite evidence of decreasing FA values in some, but not all longitudinal studies. 34, 35 There are also data specifically supporting a role for baseline FA in prognostication. 36, 37 This raises the possibility that DTI measures might not be as simplistically related to WM tract degeneration in ALS as previously thought. As well as showing sensitivity to changes over time in patients with ALS, 38 MRS has, uniquely, also demonstrated sensitivity to changes associated with the administration of drug therapy. 39 Our study is small and cross-sectional, involving a heterogeneous group of patients, and requires validation in other patient cohorts. The performance of longitudinal whole-brain MIDAS will be important to evaluate its potential as a therapeutic efficacy marker. In the longer term, the aspiration of the "Neuroimaging Symposium in ALS" (NISALS) is the standardization of image-acquisition parameters and analysis, with harmonization across multiple sites to translate advanced MRI measures as a source of outcome measures in therapeutic trials. 40 The MIDAS platform, as a more standardized methodology, may mark the re-emergence of MRSI as a leading modality in this aspiration.
